Abstract: This paper describes the design, fabrication, packaging, testing and automated tuning of an integrated 1x4 optical beamforming network. It consists of hybridly integrated InP and TriPleX chips, where end-facet coupling is used for optical interfacing.
Introduction
Integrated microwave photonics (IMWP) is a novel field in which the fast-paced progress in integrated optics is harnessed to provide breakthrough performances in well-established microwave photonic processing functions, which are traditionally realized using discrete optoelectronic components [1] . A field where IMWP is expected to have a strong impact is the one of phased array antennas. Such arrays offer a number of attractive characteristics, including a conformal array profile, broadband beamforming (beam shaping and beam steering) and interference nulling. This, however, is very challenging to achieve using only electronics. For this reason, the last few years, an increasing amount of R&D has been directed to integrated optical beamforming on our low loss Si3N4 TriPleX waveguide platform [2] .
Binary tree OBFN
We have proposed a number of broadband integrated beamformers realized with photonic integrated circuits, using a true-time-delay unit based on optical ring resonators (ORR), combiners, and an optical sideband filter (OSBF) used to realize optical single-sideband full carrier (OSSBFC) modulation [3] . When an optical carrier is first modulated using an RF signal, then propagated through an optical waveguide, and finally converted to the electrical domain by an optical detector, the effective time delay to the RF signal is determined by the group delay of this optical waveguide. This group delay can be made tunable by putting an ORR parallel to the waveguide. A full photonic BFN is obtained by combining the ORR based delay elements with power splitters and combiners. An example of a 1×4 photonic BFN is shown in Fig. 1 (left). It is based on a binary tree topology, consisting of 3 sections: binary tree splitter, tunable delay elements and phase tuning by separate carrier tuning (SCT) elements. 
Packaging
Low fiber to TriPleX PIC interface losses (~1 dB) can be achieved by tapering of the TriPleX waveguides in both horizontal and vertical direction. The coupling losses between the TriPleX platform and different platforms such as InP, SOI, Polyboard, have been optimized to enable efficient hybrid integration. The hybrid integration allows for the combination of multiple platforms and interfacing a broad range of waveguide technologies using TriPleX.
The advantage of hybrid integration is evident as shown in Fig. 1(right) , showing the 1x4 TriPleX OBFN having multiple hybrid interfaces to an InP chip that contains a modulator and 4 detectors, and a fiber array containing single mode polarization maintaining fibers. Besides various optical interfaces, the DC and RF electrical interfacing is performed via gold wire bonds that are connected to separate printed circuit boards, whereas the thermal management takes place via a copper sub-mount which is mounted onto a thermo-electric cooler (TEC). Fig. 2 shows the measurement setup and the results of automatically tuning the OSBF using the DONE algorithm [4] , and manual tuning, both averaged over ten measurements. Manual tuning was performed by a human expert by looking at the frequency response of an OSBF, averaged over ten measurements (to reduce the noise level). The DONE algorithm used the non-averaged frequency response and minimized the mean square error between this response and the desired response. Fig. 3 (left) shows the phase response after tuning the photonic BFN for two different delay settings (408 ps and 250 ps) using the DONE algorithm and manual tuning. The phase is taken relative to the phase response when the delay elements are turned off, and the frequency is taken relative to the carrier frequency. A linear phase response with the correct slope is achieved in one of the sidebands (the other sideband was filtered out by the OSBF). However, although the phase response overlaps with the desired phase response in the sideband, it results in a phase mismatch at the carrier frequency (0 GHz). This can be corrected with SCT as shown in Fig. 3 (right) , where the SCT procedure has been performed by hand. The phase responses still have the same slope but are shifted up or down in such a way that the phase mismatch at the carrier frequency takes on multiples of 360 degrees. Note that the SCT procedure does slightly influence the phase response at the sideband because of heater crosstalk, which again causes a phase mismatch of up to 30 degrees at the carrier frequency. This could be circumvented by applying the DONE algorithm again. This remains for future work.
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